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Abstract 

Considering environmental aspects is of growing interest over all life cycle phases of products. Being based on renewable and/or bio-degradable 
resources, bioplastics enable a positive contribution towards sustainable products in material and end of life phase. However, bioplastics can be 
more energy intensive during their manufacturing phase than their conventional competitors. As this contributes to the overall environmental 
sustainability of a product as well, it is necessary to acquire a better understanding about the energy demand of bioplastics in manufacturing. 
Therefore, this paper presents a study on the energy demand of bioplastic materials in injection moulding, milling, and fused deposition modelling 
3D-printing including necessary preparation and drying processes. Based on this, a quantitative energy related assessment of manufacturing 
bioplastics in comparison to conventional plastics is possible. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 24th CIRP Conference on Life Cycle Engineering. 
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1. Introduction 

Products made from plastic materials are an integral part of 
the today’s lifestyle. Plastics are custom materials - with 
material properties and processing conditions fitting 
customers’ needs of high accuracy, high production volume or 
low cost products. Therefore, they are widely used in industrial 
applications: packaging industry (39%), building and 
construction industry (20.6%) or automotive industry (7.5%) 
[1]. For large scale production with a high production volume, 
injection moulding is an established production technology for 
plastic processing.  
Besides low cost products, manufacturing variability and the 
trend towards personalized products are push-up factors for 
additive manufacturing processes, e.g. fused-deposition-
modelling (FDM) or laser sintering. Adding the material in 
small layers, new figures and models can be processed with low 
costs  ̶ especially interesting for small scale production and 
prototyping in industrial development and private households.  
 

One of the most important materials for FDM processing is 
polylactide (PLA)  ̶ a plastic made from renewable material. 
PLA is a representative of a material group called bioplastics, 

which have the potential to substitute petrochemical plastics in 
private households and offices as well as technical devices. Due 
to their biodegradability, it can be used for packaging materials 
or one way applications as a chance to decrease the amount of 
plastic pollution in the world. However, in the manufacturing 
phase the processing could be more energy intensive than 
conventional plastic materials and therefore might mitigate 
positive effects on the life cycle. Since an increase in the 
bioplastic production volume of 7.8 million tonnes in 2019 is 
forecasted [2], the necessity of analyzing the contribution to a 
more sustainable development of processing bioplastics is 
essential and will be analyzed in this paper.  
 

The paper presents empirical approaches of analyzing the 
energy demand of bioplastic processing within different 
manufacturing processes. First, the results for one of the most 
commonly applied processing techniques, the injection 
moulding process, are provided considering several bio-based 
plastic materials. Furthermore, the results of the comparison of 
the manufacturing processes injection moulding, milling, and 
fused-deposition modelling are presented by the example of 
PLA. 

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Research background 

2.1. Bioplastics  

In the year 2014, the global production capacity of bio-based 
plastic materials embraces about 1.7million tonnes - a quite 
small amount compared to petrochemical plastics. However, an 
increase of more than 400% is forecasted. Non-biodegradable 
plastics, such as bio-based PE and bio-based PET, are main 
drivers for the development (47.2% of global production 
capacity in 2014), similar to biodegradable plastics, such as 
PLA, PHA and starch blends (combined 24.2%). The major 
global production capacities are located in Asia (58%), North 
America (15.4%) and Europe (14%). There has been extensive 
research regarding the environmental impact of raw material 
production as well as end-of-life scenarios [3]–[5]. For the 
manufacturing phase, extended research is needed. There are 
several options for manufacturing bioplastic products as shown 
in Figure 1. 

Fig. 1. Life cycle of bioplastic material and options for manufacturing. 

The largest field of application is packaging with foil 
extruding and bottle blowing processes for packaging foils, 
catering products or bottles. Further, injection moulding and 
milling are applied for consumer electronics or automotive 
applications. Due to the emergent additive manufacturing, the 
diversity of manufacturing possibilities for bioplastic 
processing needs to be examined more intensively. This paper 
presents results for injection moulding, milling and fused 
deposition modelling only. Products from bioplastics can be 
processed by conventional plastics processing technologies, 
e.g. injection moulding and also upcoming additive 
manufacturing processes [2],[4],[5]. Therefore, studies 
addressing only petrochemical plastic materials are also 
considered for research. 

 

2.2. Energy analysis of plastics processing 

Due to increasing production capacities and new developed 
manufacturing methods further research needs to evaluate the 
most efficient method for bioplastic processing. Regarding 
existing studies, empirical research approaches analyzing the 
energy consumption of plastic production are dominant. For 
injection moulding process, Thiede et al. present a 
methodology for total cost of ownership of injection moulding 
machines, based on measured data for predicting of 
maintenance and energy consumption behaviour of the 
machine [1]. Qureshi et al. examine the relationship between 
unit energy consumption and process variables in injection 
moulding processes [6]. Li’s et al. empirical approach results 

in a characterization of injection moulding machines through 
statistical evaluation of the specific energy demand applied on 
petrochemical plastic materials and different injection 
moulding machines [7]. In proceeding studies, the author 
examines the energy and eco-efficiency of manufacturing 
processes regarding injection moulding [8]. So does the 
empirical analysis of Thiriez et al., adopting the energy 
consumption on categories for Life Cycle Assessment [9]. 
Spiering et al. provide an approach using a benchmarking 
methodology based on evaluated energy-related process data 
for different petrochemical plastic materials, shown in Figure 2  
[10].  

Fig. 2. Relation between the product weight in one production cycle and 
specific energy consumption (SEC) product weight, differentiated in material 

groups,  referring to [10]. 

Besides empirical approaches, also analytical 
methodologies are state of research. Song et al. apply models 
based on thermodynamics  to calculate the eco-performance 
and energy consumption for different plastic materials, bio-
based and non-bio-based, in injection moulding process [11]. 
All these studies evaluate the injection moulding process in 
detail and for several materials. However, the referred studies 
lack required pre-processing steps, such as pre-drying of plastic 
material as a highly energy relevant process step. 

2.3. Objective, approach and research demand 

In general, the processing applications, e.g. injection 
moulding, of bioplastic are similar to conventional 
petrochemical plastics – the specific processing parameters 
have to be adjusted for the chosen material. Referring to 
materials properties, e.g. lower melting temperatures of 
different bioplastic materials, different sources concluded that 
bioplastic materials can be more energy efficient in processing 
than conventional plastic materials [2], [12]. 
Empirical studies of the energy demand of bioplastics 
processing for the aforementioned manufacturing processes 
have been conducted. In laboratory scale, different plastic 
materials are selected for the investigation. The results 
presented in this paper are divided: First, a study addressing the 
injection moulding process and the pre-processing only. 
Second, the results for the selected manufacturing processes are 
presented with the examplary bioplastic material PLA. 
Furthermore, our approach addresses the impact of production 
scale for the selected manufacturing scenarios and materials. 
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3. Bioplastics in injection moulding process 

Today, the injection moulding process is one of the most 
commonly used manufacturing process for different kinds of 
plastics. Applicable for large volume production, the global 
annual production volume was 39 million kg in the year 2010 
[11]. It is one of the preferred manufacturing processes for 
creating complex and high volume products within short cycle 
times with high accuracy and repeatability. From a holistic 
point of view, not only the actual injection moulding process, 
but also the pre-processing of the bioplastic material has to be 
considered (see Figure 3). 

Fig. 3 Process chain of injection moulding process. 

3.1. Energy analysis of bioplastics manufacturing in injection 
moulding 

Pre-processing 
Many kinds of plastics, bioplastics as well as 

petrochemically  based ones, are absorbing air humidity [13]. 
To supply well-conditioned material for a continuous 
processing, the plastic granulates have to be dried first. For the 
conditioning of the bioplastic material three main factors are 
defined: the drying time, the energy demand of the drying oven 
and the weight of charge. The drying time and temperature 
depend on the material properties. As is well known, increasing 
the drying temperature and dwell time increase the energy 
consumption of the process. Therefore, the material properties 
highly influence the energy demand of the drying process.  

Furthermore, the installed drying technology for the scale of 
production influences the energy demand. On the one hand, for 
large scale production continuous drying technologies are more 
convenient, due to controlled material quality and supply-
support for the machines. However, the required periphery 
equipment has a high energy demand. On the other hand, in 
small scale production discontinuous processing is established, 
e.g. with a chamber oven. This entails limited capacity of the 
oven and therefore, a limitation of the material charge weight. 
 
 
 
 
 
 

Processing 
According to previous studies, the energy demand of the 
injection moulding process depends on several processing 
parameters, such as processing temperatures, pressures and 
cycle times [7], [10], [11]. A study by Yoon analyses the energy 
consumption of injection moulding processes focussing on the 
main driving process steps: Warm-up and injection moulding 
itself. For injection moulding, the machine needs long warm-
up time, mainly depending on the kind of machine and required 
processing temperatures of materials. 

For this study, materials with different backgrounds and 
properties have been selected. Referring to [4], [14] and 
manufacturer’s information, the relevant material properties 
can be found in Table 1. As standardized products, a tensile test 
specimen according to ISO 3167 [15] was manufactured in 
automatic mode with a machine Victory Spex 120 by the 
manufacturer Engel. The relevant material properties can be 
found in table 1.  
 
Table 1.  Selected plastic materials and relevant properties 

 
Based on the results from empirical studies, the energy 

demands for the injection moulding processing steps are shown 
in Figure 3. Referring to Figure 3, the energy demand for the 
injection moulding manufacturing step is shown. It reveals the 
impact of each processing step  ̶ pre-processing, warm-up and 
injection moulding  ̶ and the distinction levels for different 
materials. Overall, when the number of products was one, the 
total energy demand for injection moulding processes for all 
materials varies slightly. Depending on material properties (see 
Table 1), the processing temperatures and time for each process 
step determine the energy demands. As [16] has already shown, 
the main driver of energy consumption in injection moulding is 
the machine warm-up. Looking at the processing parameters, it 
becomes obvious that higher processing temperatures increase 
the energy demand distinctly and explain the highest energy 
demand for processing PP. Furthermore, the material 
conditioning has a noticeable impact on energy demand, in 
particular for the bioplastic materials PLA and PHBV. Despite 
varied drying-times, the energy demands for bio-based 
materials are very similar. If only one part is produced, the 
energy demand for injection moulding processes can be 
neglected. Since these results are for one production cycle only, 
and small scale production for injection moulding process is 
uncommon, further research was made heading the up-scaling 
of bioplastic production. 

 

 PLA PHBV CA 
Starch
-Blend 

Bio-PE PP 

Full name 
Poly-

lactide 

Poly-
hydroxy-

butyl-
vinyl 

Cellulose 
Acetate 

Starch
-Blend 

Bio-
Poly-

ethylene 

Poly-
Propylene 

Resources Bio-based Partially bio-based Fossil-based 

Degrad-
ability 

Bio-degradable Non-bio-degradable 

Density 
[g/cm³] 

1.210–
1.250 

1.250 1.27 1.2 0.955 0.900 

Melting 
point [°C] 

155-170 170-176 >180 180 190 230 

Drying 
time at 

80°C [h] 
8 16 2-4 2-4 1 1 
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Fig. 4. Energy demand results for plastic materials: the number of parts was 
one. Plastic materials: PLA: Polylactide; PHBV: Polyhydroxybutylvinyl;  
CA: Cellulose Acetate; Bio-PE: Bio-Polyethylene; PP: Poly-Propylene 

 

3.2. Up-scaling bioplastics processing 

For further studies, the pre-processing, machine warm-up 
and the injection moulding process have been added as an 
overall process. Figure 4 shows the specific energy demands 
for the overall process in terms of produced parts for the plastic 
materials. The specific energy demand has its maximum rate 
for small batch size. While increasing the number of parts 
produced, it decreases rapidly. Considering the results of the 
previous study (see Figure 4) for a small number of parts, it can 
be concluded that the pre-processing and warm-up has a higher 
impact on the overall specific energy demand than the actual 
injection moulding process. Since the pre-processing can be 
run with varying batch sizes, the mass specific energy demands 
vary. While the energy demand of injection moulding 
processes remains constant for each process cycle, the energy 
demand of pre-processing decreases while up-scaling the 
number of parts. According to [10], similar results were 
obtained for petrochemical plastics. 

Furthermore, the study demonstrates that the overall specific 
energy demand per number of parts develops similarly for all 
evaluated plastic materials. Generally, the overall specific 
energy demand of CA, Starch Blend, PLA and PHBV are 
similar. For very small production scale, the overall specific 
energy demand of the conventional material PP and the non-
biodegradable Bio-PE is distinctly higher compared to the 
other materials. With increasing the production scale up to 
approximately 40 products, the specific energy demands of all 
materials equalize.  

From the manufacturing point of view, processing bioplastic 
and petrochemical materials in injection moulding processes 
results in similar specific energy demands while upscaling the 
production. 

Fig. 5. Specific energy demand in terms of number of parts produced for 
injection moulding process and the plastic materials. Plastic materials: PLA: 
Polylactide; PHBV: Polyhydroxybutylvinyl; CA: Cellulose Acetate; Bio-PE: 

Bio-Polyethylene; PP: Poly-Propylene 

 

4. Bioplastic in additive manufacturing processes 

Manufacturing experiences a trend towards more product 
variants and subsequently a movement to more customized or 
even personalized products [17][18]. Supported by today’s 
capabilities of information and communication technologies 
direct digital manufacturing is one of the key future trends in 
manufacturing [19]. Additive manufacturing (AM) processes – 
also referred to as “3D-printing” – are one of the key enablers. 
The main difference to conventional processing (e.g. milling or 
injection moulding) in AM is that products are made by 
additive generation. In most cases, the product generation is 
conducted by a layered build-up of the product.  

One of the most accessible AM technologies is Fused 
Deposition Modelling (FDM). In this process, most commonly 
the plastic materials ABS and PLA are used, with PLA 
increasingly winning shares over ABS. The specific energy 
consumption of ABS in FDM was compared to conventional 
processing by [16]. The raw material is supplied in the form of 
filaments. In an extruder head the filament is liquefied and 
extruded layer by layer on a platform to create a three 
dimensional object. The main advantages are the relatively low 
price of the machines, that are available in various sizes from 
small desktop units up to professional production equipment, 
and that there are special tools or molds required to fabricate a 
product from a digital design. On the other hand, processing 
time in FDM is considerably higher than in conventional 
production processes and the product quality is usually lower. 

To investigate the potential of 3D-printing for processing 
bioplastics an experimental study was conducted. The study 
explores the energy demand, production cost and time in 
relation to the batch size. For conventional production the 
processes milling and injection moulding were chosen. A 
tensile test specimen according to ISO 3167 [15] was used as 
the comparable product. The mold for injection moulding was 
already available and a Engel Victory Spex 120 was utilized. 
For milling, a CNC milling machine by the manufacturer 
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Denford was used with the G-Code programmed according to 
the shape defined in the ISO standard. The 3D-printed parts 
were fabricated with a Makerbot Replicator 5th Generation 
FDM 3D printer by Stratasys Ltd. and the slicing software 
Makerbot Desktop. As the 3D-printing parameters influence 
the product quality as well as printing time and energy and 
material demand, four parameter sets were tested. Only the 
production phase with preparation phases and without drying 
and post processing was taken into account for this study. 

Fig. 6. Energy demand in terms of number of products for injection moulding, 
milling and fused deposition modeling with different fillings. 

The results for the energy demand per product show that 
milling has the highest specific energy demand. Injection 
moulding was found to have the lowest specific energy demand 
in production itself, but is compromised by the energy required 
for initial warm up and preparation of the machine. This results 
in 3D-printing being the process with the lowest energy 
demand per part for batch sizes below 72 parts. Depending on 
the printing parameters this equilibrium could be raised up to 
774 parts. For production time, a similar qualitative 
observation could be made, but in a far narrower range. Initial 
setup and preparation before injection moulding was found to 
take 60 min. For milling, setting up took on average 150s and 
for 3D-printing including boot procedure and initial heating 
650s. This results in injection moulding being the quickest 
process from a batch size of two parts. 

For production cost calculation the energy costs and 
material costs (incl. material losses) were evaluated. The cost 
of maintenance and the machines themselves was not taken into 
account at this time. 3D-printing was found to be the process 
with the lowest specific costs due to the low power demand in 
production and its material efficiency. Injection moulding 
shows in production a lower specific cost than milling, but has 
a high material loss during set up. An equilibrium of these two 
processes could be found at 11 produced parts. Taking the costs 
of required product specific tools such as the mold for injection 
moulding into account, the point of intersection of milling and 
injection moulding total cost moves up to more than 11,000 
parts. Depending on the batch size it could be found that it can 
be favorable to utilize 3D-printing for production, especially 
for products that are only demanded in low volumes or that are 
highly personalized. With expected advances in 3D-printing 
technology we expect the break-even batch sizes to increase in 
the future. For comparability of product quality resulting from 
the different production processes, the surface quality and 

tensile strength were measured. Exemplarily, the average 
results of tensile strength testing are displayed together with the 
production costs for ten products in figure 7. For injection 
moulding two data points are marked to indicate the high 
specific cost difference induced by the mold. As before the 
costs of the machines themselves and maintenance are not 
taken into account here, but expected to favor 3D-printing. 

Currently, numerous materials based on biopolymers are 
developed or have been released for 3D-printing. Among these 
are lignin filaments based on a polymer that can be extracted 
from plants and trees. Also filaments have been released that 
utilize waste material from the production of beer or coffee 
grounds as filling. These new bio-based materials can have a 
positive influence on the environmental impact of 3D-printing. 
The material properties and strength are in most cases 
comparable to standard PLA filament. 

Fig. 7. Tensile strength in terms of production costs for injection 

moulding, milling and fused deposition modelling with different fillings. 

 

5. Conclusion and Outlook 

Summarized, this paper shows the results of different 
studies analysing the energy demand in processing bioplastic 
materials.  

On the one hand, the energy demand of injection moulding 
processes was analysed regarding pre-processing, machine 
warm-up as well as injection moulding itself. The study was 
applied to several plastic materials, bio-based as well as 
conventional. Further, the results of this study were up-scaled 
to show that processing bioplastic and petrochemical materials 
in injection moulding processes results in similar specific 
energy demands. For prospective research, studies of energy 
analysis regarding material throughput and machine impacts 
will be considered. 

On the other hand, a comparison of energy consumption in 
manufacturing as well as product quality was provided for 
various manufacturing processes (injection moulding, milling, 
Fused Deposition Modelling) based on a study with PLA, one 
of the most important bio-based plastic materials. The study 
has shown the potential of 3D-printing especially for small 
batch sizes.  Research will be extended regarding more plastic 
materials, conventional as well as bio-based. 

Further research is needed facing the life cycle perspective 
of manufacturing processes regarding pre-processing as 
granulation of filament production for manufacturing. 



605 Christine Schulze et al.  /  Procedia CIRP   61  ( 2017 )  600 – 605 

 

Acknowledgements 

The research leading to the presented results has received 
funding from the GERMAN FEDERAL MINISTRY FOR 
EDUCATION AND RESEARCH  for the research project 
“Biokunststoffe Nachhaltig”(BiNa) (Grant 01 UT1430A), in 
which part of this work was developed (www.biokunststoffe-
nachhaltig.de). 

References 

[1] S. Thiede, T. Spiering, and S. Kohlitz, “Dynamic Total Cost of 
Ownership (TCO) Calculation of Injection Moulding Machines,” 
Leveraging Technol. a Sustain. World, pp. 275–280, 2012. 

[2] “Bioplastics market data,” European Bioplastics Institute for 

Bioplastics and Biocomposites,Nova-Institute, 2015. [Online]. 

Available: http://www.european-bioplastics.org. 

[3] B. G. Hermann, K. Blok, and M. K. Patel, “Twisting biomaterials 
around your little finger: Environmental impacts of bio-based 

wrappings,” Int. J. Life Cycle Assess., vol. 15, no. 4, pp. 346–358, 

2010. 

[4] H.-J. Endres, A. Siebert-Raths, H.-J. Endres, and A. Siebert-Raths, 

“Engineering Biopolymers,” in Engineering Biopolymers, 2011, pp. 

I–XVI. 

[5] C. D.-G. Andreas Detzel, Benedikt Kauertz, “Study of the 
Environmental Impacts of Packagings Made of Biodegradable 

Plastics,” 2015. 
[6] F. Qureshi, W. Li, S. Kara, and C. Herrmann, “Unit process energy 

consumption models for material addition processes: A case of the 

injection molding process,” Leveraging Technol. a Sustain. World - 

Proc. 19th CIRP Conf. Life Cycle Eng., pp. 269–274, 2012. 

[7] W. Li, S. Kara, and F. Qureshia, “Characterising energy and eco-

efficiency of injection moulding processes,” Int. J. Sustain. Eng., 

vol. 8, no. 1, pp. 55–65, 2015. 

[8] W. Li, Efficiency of Manufacturing Processes. 2015. 

[9] A. Thiriez and T. Gutowski, “An Environmental Analysis of 
Injection Molding,” Proc. 2006 IEEE Int. Symp. Electron. Environ. 

2006., pp. 195–200, 2006. 

[10] T. Spiering, S. Kohlitz, H. Sundmaeker, and C. Herrmann, “Energy 
efficiency benchmarking for injection moulding processes,” Robot. 

Comput. Integr. Manuf., vol. 36, pp. 45–59, 2015. 

[11] W. F. L. B. Song, R.J. Lee, “A Study on the Eco-Performance of 

Bioplastics and Fossil-based Plastics in the Injection Molding 

Process,” 17th CIRP Int. Conf. Life Cycle Eng., vol. 1, 2010. 

[12] M. R. Yates and C. Y. Barlow, “Life cycle assessments of 
biodegradable, commercial biopolymers - A critical review,” 
Resour. Conserv. Recycl., vol. 78, pp. 54–66, 2013. 

[13] J. E. Galloway and B. M. Miles, “Moisture absorption and 
desorption predictions for plastic ball grid array packages,” IEEE 

Trans. Components Packag. Manuf. Technol. Part A, vol. 20, no. 3, 

pp. 274–279, 1997. 

[14] M. Niaounakis, Biopolymers: Processing and Products - 

Properties, no. 1. 2015. 

[15] DIN Deutsches Institut für Normung e. V, “DIN EN ISO 3167 
Zugstab Kunststoff.” Beuth Verlag, Berlin, 2014. 

[16] H. S. Yoon, J. Y. Lee, H. S. Kim, M. S. Kim, E. S. Kim, Y. J. Shin, 

W. S. Chu, and S. H. Ahn, “A comparison of energy consumption 
in bulk forming, subtractive, and additive processes: Review and 

case study,” Int. J. Precis. Eng. Manuf. - Green Technol., vol. 1, no. 

3, pp. 261–279, 2014. 

[17] P. Coletti and T. Aichner, “Mass Customization,” in Mass 

Customization: An Exploration of European Characteristics, vol. 

10, no. 2, Berlin, Heidelberg: Springer Berlin Heidelberg, 2011, pp. 

23–40. 

[18] P. Fastermann, 3D-Druck/Rapid Prototyping: Eine 

Zukunftstechnolgoie - kompakt erklärt. 2012. 

[19] D. Chen, S. Heyer, S. Ibbotson, K. Salonitis, J. G. Steingrímsson, 

and S. Thiede, “Direct digital manufacturing: definition, evolution, 
and sustainability implications,” J. Clean. Prod., pp. 1–11, 2015. 

 
 


